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Abstract
Recent progresses in the design of wearable RFID-tag antennas stimulate the idea of passive body-centric systems, 
wherein the required power to drive the wearable tags is directly scavenged from the interrogation signal emitted by the 
reader unit. While active body-centric links have been extensively investigated, the feasibility of passive systems is still 
questionable, due to the poor sensitivity of the tags and due to the modest reading distances. This paper describes a 
systematic measurement campaign involving low-proﬁ le wearable textile tags in the UHF RFID band. It was demonstrated 
that both on-body and off-body links are affordable, with a power budget fully compliant with the available technology 
and the safety standards. The experiments permitted identifying the most-efﬁ cient tag placements, and proposing some 
quantitative and general guidelines useful to characterize and design this kind of new system. 
Keywords: RFID; wearable; textile antenna; body-centric; on-body wireless network 
1. Introduction
Radio-Frequency Identifi cation (RFID) technology is increasingly being adopted in logistics, manufacturing, 
and security. Pioneering applications are currently being 
experimented with in sensor networks, personal healthcare, and 
even entertainment and social arts [1-6]. In these battery-less 
(say, passive) systems, the RF power required by the transponder 
element (the tag) to respond to the query device (the reader) is 
scavenged from the interrogation signal by the tag itself. Since 
passive RFID tags do not require regular recharging, they are 
suited to disposable usage, and to the per vasive and long-term 
distribution within environments.
 In some applications, the tag device – comprising an 
antenna integrated with a microchip transponder, and eventu-
ally with additional sensors or actuators – needs to be worn 
on the human body [7-13]. Tags integrated into clothes could 
work as a body-centric passive RFID system, able to track 
people’s position and/or to monitor life parameters, all the 
time and everywhere. If compared with active body-centric 
systems, RFID solutions could furthermore offer a higher 
degree of pervasiveness, thanks to the already available low-
cost radios, the absence of rechargeable local power sources, 
and, not least, to the forthcoming integration of RFID func-
tions inside mass-diffused smart phones. While active body-
centric communications have been deeply addressed in the 
last decade [14-20], for that which concerns both the antenna 
design and the characterization of the propagation phenomena, 
passive wearable RFIDs have instead received much less 
attention, mainly restricted to the antenna design. These kind 
of systems deserve additional challenges, since RFID antennas 
do not transmit. Rather, the power received by the reader is 
backscattered from the RFID tag’s antenna. Hence, the RFID 
antennas need to achieve effi cient-energy scavenging in the 
presence of the very lossy human body, while keeping the 
antenna’s size small at the involved frequency (UHF: 866-
970 MHz, including European, US, and Asia subbands).
 As in more-mature active body-centric systems, interest-
ing RFID communication modalities can involve on-body and 
off-body links. For example, the off-body communication 
could be useful for locating and monitoring people inside 
buildings, by means of fi xed readers placed in different rooms, 
or by a wearable reader and ambient-disseminated tags [21]. 
A possible application is access control in dangerous or 
restricted areas. The on-body communication is instead typical 
of unusual scenarios, where a fi xed communications infra-
structure is missing. This could be the case of a sportsman, 
a soldier, or a fi reman equipped with different RFID sensors 
(inside a garment), interrogated by the user’s handheld stan-
dard communicator in harsh environments [22, 23]. In both 
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types of link, the presence of the human body must be taken 
into account, in order to understand and reduce the phenomena 
of scattering and power absorption, and to evaluate compli ance 
with the international regulations on electromagnetic exposure 
and Specifi c Absorption Rate (SAR) limits [24, 25].
 First experimental results may be found in [10, 11] con-
cerning the identifi cation of runners in an outdoor area, also 
taking into account the shadowing effects in the case of for-
mations or grouping. In [24], the power required to establish 
an RFID link with a human body during sleep movements of 
the limbs was investigated. Finally, some measurements of 
reading range for wearable tags placed onto the trunk and onto 
the arms may be found in [8], for the case of only steady pos-
tures. However, no systematic study is available to support the 
power-budget design for on-body and off-body RFID systems.
 Starting from our recent experience with wearable RFID 
tags [7, 8, 24], this paper discusses the feasibility of a body-
centric system including passive RFID textile tags, derived 
from a previous Tefl on prototype. An articulated experimental 
campaign was aimed at understanding the achievable reading 
ranges, the minimum number of required tags, and their most 
suitable positions over the body for reliable on-body and off-
body links. Human activity and shadowing effects were also 
taken into account, in order to understand the possibility of 
establishing robust and safe communications. Moreover, since 
some sensing and tracking applications are based on the proc-
essing [26] of the power backscattered by the tag toward the 
reader, this quantity was measured and analyzed for interest ing 
postures and motion patterns.
 Even if the results were expected to be strictly dependent 
on the specifi c environment and on the power consumption of 
the RFID microchip transponder, some useful normalizations 
were introduced, with the aim of providing fi rst-level guide-
lines for the design of future passive body-centric networks.
2. Textile Slotted-Patch Antenna
  The wearable antenna considered here for the experi-
ments was originally proposed in [8]. It was basically a quar ter-
wavelength patch, connected to the RFID microchip via a top 
H-slot, the shape factor of which was chosen to synthesize the 
required complex input impedance for microchip match ing. A 
textile version was adopted in this paper. The Tefl on substrate 
was replaced by a 3 mm-thick synthetic felt (Fig ure 1), and the 
conductors were made from carved adhesive copper. Due to the 
variability of manufacturing processes, the dielectric properties 
of the felt were not really assessed in the UHF band [14, 28, 
29]. Hence, the electromagnetic features of our felt sample 
were experimentally evaluated by means of a specifi c parameter-
identifi cation technique, involving numeri cal models and 
measurements on planar antennas. The result ing permittivity 
and conductivity at the European RFID fre quency of 870 MHz 
were 1.17ε =  and 42 10  σ −= × S/m, to be compared with the 
published values of 1.1ε =  in [29] and 1.38ε = , tan 0.0023δ =
S/m in [30], both at 2.45 GHz. The antenna’s matching was 
referred to an NXP–G2X-TSSOP-8 [31] microchip transponder, 
with an impedance 15 135 chipZ j= − Ω and a power sensitivity 
15chipP = − dBm. The resulting fabricated prototype had and 
overall size of 7 cm × 9 cm and a weight of 7.5 g.
 The electromagnetic performance of the tag has been 
experimentally characterized with respect to the realized gain, 
ˆ  TTG G τ= , i.e., the radiation gain, TG , of the tag’s antenna 
placed over the body, reduced by the power-transfer coeffi  cient 
1τ ≤  between the tag’s antenna and the microchip. The realized 
gain was measured by means of the turn-on method [32], 
starting from the knowledge of the reader’s gain, RG ; the 
reader-tag distance, d ; the polarization mismatch,  pη , 
between the reader and the tag (here set to 1/2); and fi nally, the 
turn-on power, toinP , e.g., the minimum input power required to 
be provided to the reader unit to force the remote microchip to 
send back its code:
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For this purpose, a UHF long-range reader, based on the 
ThingMagic M5-e ASIC [33], was used. The wearable tag 
was interrogated by means of a 6 dB circularly polarized patch 
antenna connected to the reader. The tag was placed on the 
torso of a volunteer, in front of the reader’s antenna, at 1.3 m 
from the ground. Ground refl ections were minimized by using 
absorbing panels (Figure 2).
 Figure 3 shows the frequency-dependent measured real-
ized gain. Data were referred to the frontal direction, where the 
tag’s antenna and the reader’s antenna were aligned. The 
maximum gain at the reference frequency of 869 MHz in 
Europe, ranged between 5− dB and 3− dB, and was hence fully 
comparable to the Tefl on prototype in [8] ( ˆ4 dB 3 dBTG− < < −  ). 
It is worth mentioning that nearly identical results were obtained 
when the tag was placed onto different body segments, such as 
the back and the arm.
Figure 1. A prototype of a textile wearable tag, made of felt 
and adhesive copper. The dimensions (in mm) were 59L = , 
80W = , 15a = , 15b = , 14p = , 10d = , 70Lg = , 3g = , 
3hs = , 90Wg = .
 The textile antenna was then used to characterize some 
passive RFID body-centric channels in both off-body and on-
body links.
3. Off-Body Communications
 In off-body communications, the most-relevant parame-
ters to consider are the reading range of the tag in a real envi-
ronment, depending on its position over the body, and the 
minimum number of tags and readers necessary to achieve a 
reliable interrogation of the subject.
 The reading range of the wearable tag was measured 
according to the following body-centric procedure. It was 
defi nitely of interest to discriminate the region surrounding the 
tagged human body wherein with a reader placed any way, at 
least a tag was successfully interrogated. It was expected that 
such a region would depend on the position of the tag over the 
body and on the reader-emitted power, as well as on the reader 
antenna’s pattern. As for the previous Tefl on prototype in [8], 
the textile tag also revealed very little sensitivity to the body’s 
position in terms of impedance matching and maximum gain, 
thanks to the presence of the ground plane. Nevertheless, the 
shape of the reading region may be dependent on such a posi-
tion, due to the specifi c shadowing caused by body segments 
themselves, and by absorption modality. Hence, to discuss this 
issue, three different tag placements were considered (front 
torso, arm, and back), each in horizontal and vertical orienta-
tion, as shown in Figure 6.
 For the sake of simplicity, the reading region was meas-
ured in a reciprocal way, e.g., the reader was fi xed in some 
location in the room, while the tagged person walked away 
from the reader along the boresight of the reader’s antenna (see 
Figure 4). The actual reader-body distance was consid ered to 
belong to the reading region of the tag if the tag was able to 
correctly reply to the reader’s interrogation. The pro cedure 
was repeated for rotations of the body of {0°, 90°, 180°, 270°} 
degrees with respect to the reader’s antenna.
 The measurements were performed in a 5.5 m × 5.5 m 
× 3 m offi ce room, the inner furniture having been removed. 
The same reader’s antenna and long-range reader as before 
were placed on the middle of a side wall, 1.3 m from the fl oor. 
The reader emitted a fi xed power of 3.2 W EIRP, which is the 
maximum value allowed by the European regulations. The 
space sampling rate was 30 cm.
 In general, the reading range in real environments was 
affected by the presence of walls and furniture in a way that 
was also dependent on the reader’s power and the microchip’s 
sensitivity. All of these issues were extensively addressed in 
[21], but it is useful to recall that in the case of low-gain tags 
– as for the wearable textile patch – the effect of the side walls 
of the room considered here could be neglected. Hence, the 
results in the following sections may be extended to different 
environments by introducing the two-ray correction terms as in 
[21].
 An example of a measurement is given in Figure 5, where 
the solid dots indicate a successful interrogation of the tag when 
the person stood at that point. The empty circles instead 
represent a reading failure. By considering that the transition 
between the reading region and the unreachable region was not 
sharp due to the formation of diffraction fringes [21], the 
following metrics are assumed to defi ne the maximum reading 
distance, ( )max nd φ , in a given direction nφ φ= . The distance 
( )max nd φ  was calculated from the human body to the fi rst point 
Figure 2. The setup for measuring the tag’s realized gain, 
comprising the reader, the volunteer, and the absorbing 
panels. Here, the antenna was placed at the center of the 
human torso.
Figure 3. The maximum realized gain for the wearable tag 
placed on the human torso, as measured along the tag’s 
boresight. The vertical segments give the data variability 
over repeated measurements.
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of faulty interrogation (empty circle) followed by less than two 
consecutive points of suc cessful interrogation (fi lled circles). In 
other words, we gave a positive value to even the very isolated 
failure points, in con sideration that the subject could be moving 
and so the subject could still be statistically detected with 
overall continuity.
 The results of the measurement campaign are presented 
in a compact form in Figure 6. The overall maximum reading 
distance was about 5 m, arising in Case E (with the tag over 
the arms with horizontal orientation). In most of the confi gu-
rations considered, the maximum distance was about 4.5 m, 
confi rming that the maximum gain of the antenna had very 
little sensitivity to the position over the body. The reading 
distances out of the antenna’s boresight were instead depend-
ent on the dielectric losses of the human body, which pro duced 
signifi cant absorption and shadowing, especially in the case of 
tags placed on the shoulder. The polarization of the tag, e.g., 
the orientation of the radiating edge of the patch, seemed to 
play a signifi cant role in the achievable reading ranges, even 
if the physical reasons were not immediately clear. Vertical 
polarization performed far better in the case of placement over 
the chest, while horizontal polarization appeared more suitable 
for placement over shoulders and arms.
 However, in none of the considered tag placements was it 
possible to achieve a nearly uniform coverage with just a sin-
gle tag. However, by a combined use of tags it was expected to 
achieve a reliable RFID link, for instance, by placing one tag 
over the torso and the other over the back (A+H), or instead, 
a single tag for each arm (F(right) + F(left)). The combined 
results are shown in Figure 7, where nearly circular body-centric 
interrogation regions were visible. These dia grams represented 
the area in which wherever a reader emit ting 3.2 W EIRP is 
Figure 4. The reader-tag mutual orientations during 
measurements to evaluate the extension of the body-centric 
reading region. The volunteer equipped with a wearable tag 
walked away from the reader’s antenna, which was placed 
on the middle of a wall inside a 5.5 m ×  5.5 m × 3 m room, 
at a distance of 1.3 m from the ﬂ oor. The tag was interrogated 
when the volunteer was standing at the dotted positions, in 
30 cm steps. Each point was said to be acces sible by the 
RFID system if the tag was able to answer the reader. The 
experiment was repeated for four orientations of the body 
with respect to the reader’s antenna, e.g., for 
 {0  ,  90 , 1 80  ,  270 }nϕ = ° ° ° ° , to collect the two-dimensional 
reading range.
Figure 5. An example of the reading-region measurements when the tag was placed over the torso with vertical polarization. 
For each reader­body orientation, a fi lled circle indicates a successful reading of the tag at that point, while an empty circle 
indicates a reading failure. The maximum reading distance, maxd , along each direction was calculated from the human body 
to the fi rst point of fault interrogation followed by less than two consecutive points of successful interrogation.
Figure 6. The reading distances (in meters) measured at four 
different angles from the thorax’s normal axis, for several 
positions and orientations of the body-worn tag.
placed in front of the person, it was possi ble to monitor the 
subject independently of the subject’s posi tion and orientation. 
Even better results may be achieved by using three tags: two of 
them over both of the arms, and one over the chest.
 In conclusion, a single reader permits establishing a reli-
able RFID link with a person equipped with two or three tags 
within a room of size 4 m by 4 m. Four readers, each placed on 
each side wall, would instead enable continuous interroga tion 
within a room that was four times larger (9 m by 9 m).
 The above results were obtained for a particular choice of 
the reader’s power and of the family of microchips. However, 
such data can also be useful in case of different choices of power 
parameters by introducing the effective microchip’s sensitivity 
[21], an aggregate performance indicator for the tag, defi ned as
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Figure 7. The body-centric reading regions for two cou plets 
of tags placed on the human body: (top) tags over the front 
torso and shoulders (Cases A and H in Figure 6); (bottom) 
tags over both of the arms (Case F in Figure 6). The 
continuous and dashed arrows indicate the maximum 
reading distances, ( )max nd φ , of the two tags in the specifi c 
direction, and the ellipse-like region gives the estimate of 
the overall resulting body-centric reading region for the 
combined two-tag system.
This gives the minimum radio-frequency power that the tag has 
to collect to exhibit the same averaged free-space reading 
distance as a perfectly matched tag placed over a lossless object 
(averaged ˆ 1TG = ). In our particular case, ,0 90chipp = µW. 
From Equation (1), the maximum reading distance is linearly 
dependent on the ratio ˆT chipEIRP G P , where R inEIRP G P=
. Therefore, for a different choice of power and effective 
microchip sensitivity, an estimation of the reading range, 
max
chip
EIRPd
P
 
  
 
, may be roughly deduced from the values of the 
reading distances given in Figure 6 (now denoted as ,0maxd  for 
0 3.2EIRP = W) by means of the follow ing scaling formula:
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over the torso and the other over the back (A+H), or instead, 
a single tag for each arm (F(right) + F(left)). The combined 
results are shown in Figure 7, where nearly circular body-centric 
interrogation regions were visible. These dia grams represented 
the area in which wherever a reader emit ting 3.2 W EIRP is 
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reading range.
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Figure 6. The reading distances (in meters) measured at four 
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Figure 7. The body-centric reading regions for two cou plets 
of tags placed on the human body: (top) tags over the front 
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continuous and dashed arrows indicate the maximum 
reading distances, ( )max nd φ , of the two tags in the specifi c 
direction, and the ellipse-like region gives the estimate of 
the overall resulting body-centric reading region for the 
combined two-tag system.
This gives the minimum radio-frequency power that the tag has 
to collect to exhibit the same averaged free-space reading 
distance as a perfectly matched tag placed over a lossless object 
(averaged ˆ 1TG = ). In our particular case, ,0 90chipp = µW. 
From Equation (1), the maximum reading distance is linearly 
dependent on the ratio ˆT chipEIRP G P , where R inEIRP G P=
. Therefore, for a different choice of power and effective 
microchip sensitivity, an estimation of the reading range, 
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, may be roughly deduced from the values of the 
reading distances given in Figure 6 (now denoted as ,0maxd  for 
0 3.2EIRP = W) by means of the follow ing scaling formula:
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4. On-Body Communications
 In case of on-body communications, in addition to the tag 
placements it is of interest to also analyze the effects of body 
posture and activity on link shadowing. Depending on the 
reader-tag position, different propagation phenomena are 
excited [34]. Creeping waves can be predominant for commu-
nications between adjacent body segments (waist-torso, arm-
forearm), while diffracted and refl ected free-space waves could 
be considered responsible for the communications between 
distant regions, such as arm-leg, head-waist, etc. In both cases, 
it is not appropriate to consider the typical far-fi eld 
approximation. The quality of the established links can hence 
be characterized according to the turn-on power, toinP , ena bling 
the activation of the tag in the specifi c position, and according 
to the percentage of successfully interrogations. In order to 
provide a general performance indicator such as Equation (2), 
the turn-on power is here normalized by the microchip’s 
effective sensitivity, chipP :
Figure 8. The antenna positions on the body. Five different 
links were considered here. The reader was placed at the 
waist, slightly on the left.
Figure 9. The postures assumed by the subject during the measurements. In the fi rst set of fourteen confi gurations, the 
subject stood or sat according to typical human activi ties. Two postures (15 and 16) were in motion. In the last set of four 
postures, the subjects laid on the ﬂ oor, simu lating healthy and pathological conditions, such as the later safety position (LSP).
Table 1. The normalized turn-on powers, top , for the postures
 in Figure 9 and the on-body RFID links in Figure 8.
Posture
Normalized Turn-On Power
Link A Link B Link C Link D Link E
1    0.08    0.44    0.56    0.39    0.62
2    0.05    1.76    0.55    0.62    1.4
3    0.09    2.79    1.76    0.5    1.4
4    0.04    3.51    1.11    0.35    1.76
5    0.1    0.35    0.35    0.62    0.62
6    0.09    0.7    0.88    0.62    0.62
7    0.08    0.35    1.11    0.39    0.79
8    0.07    1.4    0.7    0.62    4.42
9    0.09    4.96    0.44    0.7      –
10    0.05    0.99    0.56    0.99    0.5
11    0.05    0.57    0.44    0.39    0.39
12    0.04    0.4    0.7    0.35      –
13    0.04    0.35    0.88    0.62    0.39
14    0.05    0.62    0.25    0.25    0.44
15    0.05    0.5    0.39    0.44    0.49
16    0.05    0.35    0.44    0.28    0.44
17    0.08    1.25    0.7    0.41    8.23
18    5.57      –    9.24      –      –
19    0.08    6.54    0.88    0.33    1.25
20    0.1    0.92    1.11    0.79      –
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Such a parameter could hence be considered as a kind of 
“transfer function” of the system: the lower top , the more 
effi cient and reliable is the link.
 In this second measurement campaign, the reader’s 
antenna was a smaller, linearly polarized, quarter-lambda 
patch (PIFA), with a maximum 3.3 dB gain, that was suited for 
placement onto the volunteer’s body, close to the waist. The 
reader unit was also attached onto the body (Figure 8). 
 The PIFA interrogated fi ve wearable tags, attached onto 
the torso, arm, head, leg, and wrist, respectively. To improve 
polarization matching, the PIFA was oriented so that its 
polarization vector was always parallel to that of the tags in all 
the experiments. During the measurements, the volunteer took 
twenty different “static” (1-14) and “moving” (15-16) pos tures, 
illustrated in Figure 9. The last four positions corre sponded to 
the subject lying on the ground and could be repre sentative of 
particularly dangerous situations, such as fainting or accidents.
 The measurement results are reported in Table 1. In our 
specifi c case, by considering the same microchip sensitivity as 
before, the turn-on power ranged between 8 dBm, corre-
sponding to 0.07top =  for Link A, and 29 dBm ( 9.24top = ), 
for Link C. As expected, thanks to the smallest and stable dis-
tance, the most-effi cient link was that involving the tag over the 
front torso (Link A). Independently of the different pos tures and 
movements, Link A required the minimum activa tion power, 
and it was only a little sensitive to the shadowing effects of the 
body. Link E (waist-wrist) was instead the most sensitive to the 
mismatch polarization and to the shadowing produced by body 
movements: in Postures 9 and 12, the tag placed on the wrist 
resulted in being even unreadable. Among the prone positions, 
recumbent Posture 18 was the most chal lenging position in 
which to establish an RFID link, due to the close presence of the 
ground within the reader-tag link. In this case, the required turn-
on power was two orders of magnitude higher than in case of 
the standing positions. It is moreover worth observing that the 
two side-lying postures (19 and 20) yielded completely different 
turn-on powers, due to the asymmetric position of the reader/
tags over the body, and due to the combined shadowing effects 
of fl oor and arms.
 Some statistics are presented, having performed TN  inter-
rogations of Tags A and D in the 20 postures with a fi xed reader 
power of 20inP = dBm, such that at least the Links A, D were 
fully active.
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 In case of on-body communications, in addition to the tag 
placements it is of interest to also analyze the effects of body 
posture and activity on link shadowing. Depending on the 
reader-tag position, different propagation phenomena are 
excited [34]. Creeping waves can be predominant for commu-
nications between adjacent body segments (waist-torso, arm-
forearm), while diffracted and refl ected free-space waves could 
be considered responsible for the communications between 
distant regions, such as arm-leg, head-waist, etc. In both cases, 
it is not appropriate to consider the typical far-fi eld 
approximation. The quality of the established links can hence 
be characterized according to the turn-on power, toinP , ena bling 
the activation of the tag in the specifi c position, and according 
to the percentage of successfully interrogations. In order to 
provide a general performance indicator such as Equation (2), 
the turn-on power is here normalized by the microchip’s 
effective sensitivity, chipP :
Figure 8. The antenna positions on the body. Five different 
links were considered here. The reader was placed at the 
waist, slightly on the left.
Figure 9. The postures assumed by the subject during the measurements. In the fi rst set of fourteen confi gurations, the 
subject stood or sat according to typical human activi ties. Two postures (15 and 16) were in motion. In the last set of four 
postures, the subjects laid on the ﬂ oor, simu lating healthy and pathological conditions, such as the later safety position (LSP).
Table 1. The normalized turn-on powers, top , for the postures
 in Figure 9 and the on-body RFID links in Figure 8.
Posture
Normalized Turn-On Power
Link A Link B Link C Link D Link E
1    0.08    0.44    0.56    0.39    0.62
2    0.05    1.76    0.55    0.62    1.4
3    0.09    2.79    1.76    0.5    1.4
4    0.04    3.51    1.11    0.35    1.76
5    0.1    0.35    0.35    0.62    0.62
6    0.09    0.7    0.88    0.62    0.62
7    0.08    0.35    1.11    0.39    0.79
8    0.07    1.4    0.7    0.62    4.42
9    0.09    4.96    0.44    0.7      –
10    0.05    0.99    0.56    0.99    0.5
11    0.05    0.57    0.44    0.39    0.39
12    0.04    0.4    0.7    0.35      –
13    0.04    0.35    0.88    0.62    0.39
14    0.05    0.62    0.25    0.25    0.44
15    0.05    0.5    0.39    0.44    0.49
16    0.05    0.35    0.44    0.28    0.44
17    0.08    1.25    0.7    0.41    8.23
18    5.57      –    9.24      –      –
19    0.08    6.54    0.88    0.33    1.25
20    0.1    0.92    1.11    0.79      –
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Such a parameter could hence be considered as a kind of 
“transfer function” of the system: the lower top , the more 
effi cient and reliable is the link.
 In this second measurement campaign, the reader’s 
antenna was a smaller, linearly polarized, quarter-lambda 
patch (PIFA), with a maximum 3.3 dB gain, that was suited for 
placement onto the volunteer’s body, close to the waist. The 
reader unit was also attached onto the body (Figure 8). 
 The PIFA interrogated fi ve wearable tags, attached onto 
the torso, arm, head, leg, and wrist, respectively. To improve 
polarization matching, the PIFA was oriented so that its 
polarization vector was always parallel to that of the tags in all 
the experiments. During the measurements, the volunteer took 
twenty different “static” (1-14) and “moving” (15-16) pos tures, 
illustrated in Figure 9. The last four positions corre sponded to 
the subject lying on the ground and could be repre sentative of 
particularly dangerous situations, such as fainting or accidents.
 The measurement results are reported in Table 1. In our 
specifi c case, by considering the same microchip sensitivity as 
before, the turn-on power ranged between 8 dBm, corre-
sponding to 0.07top =  for Link A, and 29 dBm ( 9.24top = ), 
for Link C. As expected, thanks to the smallest and stable dis-
tance, the most-effi cient link was that involving the tag over the 
front torso (Link A). Independently of the different pos tures and 
movements, Link A required the minimum activa tion power, 
and it was only a little sensitive to the shadowing effects of the 
body. Link E (waist-wrist) was instead the most sensitive to the 
mismatch polarization and to the shadowing produced by body 
movements: in Postures 9 and 12, the tag placed on the wrist 
resulted in being even unreadable. Among the prone positions, 
recumbent Posture 18 was the most chal lenging position in 
which to establish an RFID link, due to the close presence of the 
ground within the reader-tag link. In this case, the required turn-
on power was two orders of magnitude higher than in case of 
the standing positions. It is moreover worth observing that the 
two side-lying postures (19 and 20) yielded completely different 
turn-on powers, due to the asymmetric position of the reader/
tags over the body, and due to the combined shadowing effects 
of fl oor and arms.
 Some statistics are presented, having performed TN  inter-
rogations of Tags A and D in the 20 postures with a fi xed reader 
power of 20inP = dBm, such that at least the Links A, D were 
fully active.
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 If the reader received RN  responses from the tag, a qual-
ity parameter was the percentage of answers, α , defi ned as
  100 T
R
N
N
α = .    (5)
The reader was set to perform nine polls per second, each 
interrogation period was 10 s, and hence 90TN = . Both verti-
cal and horizontal tag orientations were considered, and, as 
above, the PIFA was properly rotated to preserve the polariza-
tion matching. The results are shown in Figure 10 and Fig ure 11 
for the vertical and horizontal orientations of the anten nas.
 Link A was rather robust, with a percentage of correct 
answers exceeding 70%  in almost every case. Link D was 
instead much more sensitive to the human’s activity, with a 
lower percentage of answers, sometimes close to zero. The 
mutual orientation between the reader’s antenna and the wear-
able tags affected the reliability of the links. It was apparent that 
Link A exhibited the best performance in the case of the vertical-
polarization setup, since both the reader’s antenna and the tag 
were oriented along the directions of maximum radia tion, e.g., 
the radiating edges of the two patches were facing each other. 
For the same effect as before, Link D instead appeared to be the 
better performing link in the case of hori zontal polarization.
 In any case, the lying positions were the most reliable, due 
to the high variability of the body segments’ positions. Except 
for the supine posture, the statistics of the readings could be very 
unstable in the other confi gurations, regardless of the required 
activation power. In these cases, the torso-waist channel results 
were also the most effi cient.
5. Measurement of Backscattered Power
 The on-body confi gurations A, D, and E are here also 
characterized in terms of the backscattered power, BSP , 
received by the reader. This quantity is in general less critical 
than the turn-on power in view of estimating the quality of the 
RFID link, since the communication bottleneck is the forward 
link. Nevertheless, there are some emerging applications 
wherein the variation of the backscattered power is correlated 
to some physical property of the tag, and, in turn, to the change 
of the tagged object or of the nearby environment, with the 
purpose of achieving a sort of RFID passive sensing. This is the 
case when the tag is coupled to a chemically sensitive substrate 
detecting the presence of gases, or when the antenna itself is 
deformed by motion [35].
 For this purpose, three rather common postures of on-
body communication were considered, with the aim of ana-
lyzing the expected fl uctuations of the received signals and an 
eventual correlation with the periodicity of motion. In the fi rst 
posture, the subject stood up motionless, as in Figure 9. In the 
second posture, the person instead walked along a straight path, 
inside a corridor, with controlled steps: fi rst a slow walk 
(60 cm/s per second) and then a faster motion (120 cm/s). In the 
third posture, the subject folded his or her arms up and down, as 
shown in the inset to Figure 14. The same reader and PIFA 
antenna as before were used in the three experiments. The input 
power to the reader’s antenna was fi xed at 20inP = dBm. The 
backscattered power was deduced from the RSSI (received-
signal strength indicator) provided by the reader, by means of 
the following conversion equation (spe cifi c for that reader):
 0.8 96 0.8  BS LNA thP RSSI G RSSI= + − − − , (6)
with 48thRSSI = , and LNAG  being the gain of the low-noise 
signal amplifi er, defi ned in the communication register. For 
generality, the backscattered power was normalized by the 
input power:
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BS
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Figure 12 shows that the fl uctuation of  BSp  for both the links 
were comparable, and were of the order of 1± dB around the 
average value. This uncertainty needs to be carefully taken into 
account in estimating the dynamic range of any sensing 
application based on RSSI processing.
 The measurements in for the walking case (Figure 13) 
showed that the motion affected the two links in a different way. 
While Link A (with the tag on the chest) remained approximately 
oscillating around the same average value, but with higher 
fl uctuations ( 2± dB), the backscattered power for Link D (with 
the tag on the leg) presented a much higher vari ability, due to 
the time-changing mutual position between the leg and the 
reader’s antenna. In this case, the amplitude of the fl uctuations 
was 4± dB, and they followed the walking rhythm. The period 
in the fi rst part of the trace was approxi mately 2 s, corresponding 
to a complete movement of the tagged leg at 60 cm/s, and which 
then changed to 1 s in the second trace, when the walker’s speed 
doubled.
 In the same way, Link E was characterized during peri odic 
movements of the arm. Figure 14 shows the fl uctuation of the 
BSp  in the case of a 2 s motion periodicity. When the arm was 
outstretched (parallel to the body), the reader correctly detected 
the backscattered power. In the case where the arm was folded 
(orthogonal to the reader), the microchip did not receive enough 
power to activate, and no signal was detected at the reader’s 
side. Hence, a cluster-like response was observed, with the 
clear possibility of recognizing the perio dicity of the motion.
 From these results, it was apparent that the use of back-
scattered power to retrieve the output of an RFID sensor looked 
very challenging for links involving moving limbs, since the 
theoretical dynamic range of the sensing mechanism had 
to be much larger than 8 dB to be recognized by the reader. 
Nevertheless, it was evident that the RSSI may be used as an 
indicator of motion of a specifi c part of the body. This could 
be attractive in itself for collecting statistics about repeated 
movements of working people, and for remote healthcare of 
elders.
Figure 10. The channel reliability, α , for several postures, expressed in terms of the percentage of answers with the antennas 
in vertical polarization.
Figure 11. As in Figure 10, but with the antennas in the horizontal orientation.
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detecting the presence of gases, or when the antenna itself is 
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 For this purpose, three rather common postures of on-
body communication were considered, with the aim of ana-
lyzing the expected fl uctuations of the received signals and an 
eventual correlation with the periodicity of motion. In the fi rst 
posture, the subject stood up motionless, as in Figure 9. In the 
second posture, the person instead walked along a straight path, 
inside a corridor, with controlled steps: fi rst a slow walk 
(60 cm/s per second) and then a faster motion (120 cm/s). In the 
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Figure 12 shows that the fl uctuation of  BSp  for both the links 
were comparable, and were of the order of 1± dB around the 
average value. This uncertainty needs to be carefully taken into 
account in estimating the dynamic range of any sensing 
application based on RSSI processing.
 The measurements in for the walking case (Figure 13) 
showed that the motion affected the two links in a different way. 
While Link A (with the tag on the chest) remained approximately 
oscillating around the same average value, but with higher 
fl uctuations ( 2± dB), the backscattered power for Link D (with 
the tag on the leg) presented a much higher vari ability, due to 
the time-changing mutual position between the leg and the 
reader’s antenna. In this case, the amplitude of the fl uctuations 
was 4± dB, and they followed the walking rhythm. The period 
in the fi rst part of the trace was approxi mately 2 s, corresponding 
to a complete movement of the tagged leg at 60 cm/s, and which 
then changed to 1 s in the second trace, when the walker’s speed 
doubled.
 In the same way, Link E was characterized during peri odic 
movements of the arm. Figure 14 shows the fl uctuation of the 
BSp  in the case of a 2 s motion periodicity. When the arm was 
outstretched (parallel to the body), the reader correctly detected 
the backscattered power. In the case where the arm was folded 
(orthogonal to the reader), the microchip did not receive enough 
power to activate, and no signal was detected at the reader’s 
side. Hence, a cluster-like response was observed, with the 
clear possibility of recognizing the perio dicity of the motion.
 From these results, it was apparent that the use of back-
scattered power to retrieve the output of an RFID sensor looked 
very challenging for links involving moving limbs, since the 
theoretical dynamic range of the sensing mechanism had 
to be much larger than 8 dB to be recognized by the reader. 
Nevertheless, it was evident that the RSSI may be used as an 
indicator of motion of a specifi c part of the body. This could 
be attractive in itself for collecting statistics about repeated 
movements of working people, and for remote healthcare of 
elders.
Figure 10. The channel reliability, α , for several postures, expressed in terms of the percentage of answers with the antennas 
in vertical polarization.
Figure 11. As in Figure 10, but with the antennas in the horizontal orientation.
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6. Safety Issues
 In order to discuss the compliance of the wearable sys-
tem with exposure limits, some issues concerning the Specifi c 
Absorption Rate (SAR) and the radiated electromagnetic fi eld 
are discussed here for the on-body and the off-body setups with 
the help of numerical electromagnetic simulations. In the fi rst 
case, the same FDTD torso model previously adopted for the 
design of the wearable antenna was applied to estimate the 
resulting SAR distribution at 870 MHz, averaged over 10 g of 
tissue. The reader’s PIFA antenna was placed on the middle of 
the external surface of the cylinder, and radiated a fi xed 0.5 W 
power, as in the on-body experiments. The diagrams in Fig-
ure 15 for both vertical and horizontal placements of the PIFA 
had to be compared with the considered SAR limit of 2 W/Kg 
[36]. As expected, the maximum SAR occurred underneath the 
antenna, in correspondence with the muscular tissue, but it was 
one order of magnitude smaller than the absorption limit. This 
means that the cohabitation of the reader’s PIFA with the body 
was safe, even for the case of the maximum emitted power 
allowed by European (3.2 W EIRP) and US (4.0 W EIRP) 
regulations.
 Concerning off-body communication, the experimental 
reading distance was simply discussed with respect to the 
maximum limit, 0E , imposed on the fi eld radiated by the 
reader. The study in [21] addressed this topic by introducing a 
forbidden region all around the reader, wherein the emitted fi eld 
strength exceeded the allowed limit, and hence no person 
should be present inside for more than a given time, specifi c to 
the local regulation. In particular, the simulations in [21] 
showed that even in the case where the reader radiated 3.2 W 
EIRP, the extension of the forbidden region was less than 50 cm 
for 0 20E ≤ V/m. Moreover, such a distance was practi cally 
further reduced for the case of duty cycles 1d < . For instance, 
assuming a typical inventory communication between reader 
and tag with ten interrogations per second, the resulting 
forbidden distance would be halved with respect to the case of 
continuous interrogation. Therefore, the off-body link was fully 
compatible with local regulations for body-tag distances larger 
than a small fraction of a meter.
7. Conclusion
 The experiments presented demonstrated that passive 
body-centric RFID links are feasible within a regular indoor 
room with the technology available today, and within safety 
regulations. Actually, the on-body link may be established 
using a query power of the order of just 10 dBm in case where 
the tag is placed over the torso and the reader’s antenna is on 
the waist. This power requirement is compatible with pico-
Figure 12. The normalized backscattered power, BSp , from 
Tags A and D, as collected by the on-body PIFA antenna 
placed as in Figure 10, when the subject was standing 
motionless.
Figure 13. The normalized backscatt ered power, BSp , from 
Tags A and D, when the person walked along a straight line 
within a corridor, initially with a velocity of 60 cm/s, and 
then at 120 cm/s. The  BSp power looked to be able to follow 
the walking dynamics.
Figure 14. The normalized backscattered power, BSp , from 
Tag E when the subject’s arm was moving up and down at a 
frequency of 0.5 Hz. 
Figure 15. The Specifi c Absorption Rate (SAR) [W/Kg] of the human torso model wearing the reader’s PIFA antenna for 
vertical polarization (Cases A and B) and horizontal polarization (Cases C and D).
readers, as well as with conventional hand-held radios, and 
even with smart phones. Moreover, the continuous improve-
ment in microchip sensitivity will permit extending  the read-
ing distance or, conversely, reducing the required powers. New 
pervasive applications may therefore be envisaged, where low-
cost and even disposable wearable tags will inter act with multi-
service radio devices.
 The position of the tags over the body has to be carefully 
chosen in order to avoid shadowing and excessive absorption. 
A single tag is not enough to establish an omnidirectional off-
body link. Two or three tags placed over the chest, the shoul-
ders, or over the arms permit interacting with the moving body 
from any angle and with remarkable reproducibility.
 Finally, the backscattered power level in on-body confi gu-
rations undergoes fl uctuations with amplitudes of from 1± dB 
up to 4± dB, depending on the position and on the motion. This 
issue has to be carefully taken into account in sensing 
applications based on RSSI processing. Such fl uctua tions may 
result in being synchronized to the movement of the arm to 
which the antenna is attached, revealing that selective motion 
detection could be possible by using very low-cost technology.
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Abstract
A compact dual-band equatorial helical antenna for TTC (telemetry, tracking, and control) applications in satellites is 
presented. The network feeding system of the antenna was also designed, analyzed, and measured to achieve circular 
polarization. A Moment Method code was used to evaluate the performance of both the helical antenna and the feed-
circuit network. The whole system was optimized to fulﬁ ll rather strict speciﬁ cations, while maintaining quite small size 
and weight. A prototype of the helical antenna was fabricated and measured. The design process of the geometrical 
model, and comparisons between the predicted and measured values, are presented. The results led to the conclusion 
that it is a very suitable antenna for operating at S band.
Keywords: Helical antennas; satellite antennas; dual band; telemetry; moment methods; optimization
1. Introduction
TTC (telemetry, tracking, and control) antennas are an essen tial component for space communications. There 
are some critical periods in the mission of a geostationary 
communi cations satellite where continuous telemetry is 
compul sory. Generally, aircraft systems are controlled and 
monitored from ground stations through telemetry, tracking, 
and control systems. These systems allow measuring, collect-
ing, and transmitting commands to spacecraft, as well as 
calculat ing positions, distances, or radial-speed measurements. 
Typically, the properties of the telemetry, tracking, and control 
antennas are low gain, nearly hemispherical coverage, and 
circular polarization. Several models have been historically 
applied to achieve the desired radiation characteristics, such 
as dipoles, patch antennas, turnstile antennas, slotted circular 
waveguides, and helical structures [1-5]. 
 The objective of this work was the design and 
implementa tion of a compact antenna for telemetry, tracking, 
and control applications. It was immersed in the ESA project 
20995/07/NL/ST/na, “S-Band Toroidal Antenna,” the main 
contractor for which is the Spanish company, RYMSA [6]. 
Although some work about telemetry, tracking, and control 
antennas has already been reported [1-8], none of this had to 
fulfi ll such stringent requirements. According to the imposed 
specifi cations, the antenna had to operate properly at two 
frequen cies (1.81 GHz and 2.25 GHz) of the S band, with right-
hand circular polarization. Regarding the gain, the maxi mum 
peak had to be greater than 2 dBi, and a minimum gain of 0 dBi 
had to be achieved in the specifi c coverage range. However, the 
most diffi cult effort was required to obtain high polarization 
purity. The desired value of the cross-polar polariza tion level 
had to be higher than 12 dB. According to our experience, this 
requirement was the most diffi cult to ful fi ll. The specifi cations 
in the equatorial radiation pattern had to be satisfi ed in the 
elevation angle range between 70° and 110°. Additionally, the 
weight of the prototype had to be as low as possible. In fact, 
the permissible limit was 550 g, includ ing the weight of the 
network feeding system. Due to the relevance of the application 
fi eld, an exhaustive study was conducted to design a prototype 
that fulfi lled that large list of specifi cations. 
 After thinking about a model that could meet all requi-
sites, a quadrifi lar helical structure [7] was chosen to design the 
dual-band telemetry, tracking, and control antenna. Histori cally, 
n-fi lar helical antennas have been widely utilized in satellite 
applications [9, 10]. Some benefi ts of this kind of antenna are 
their compact size, resonant behavior, and capabil ity of multi-
frequency operation. Therefore, designing the antenna by 
means of a quadrifi lar helical model seemed to be a reasonable 
option. To reach the imposed requirements, every geometrical 
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